We report a simple tunable master-slave laser injection-lock scheme for atomic physics experiments. Seed light from an external cavity diode laser is injected into a high-power fiber-pigtailed diode laser via a fiber optic circulator. High-power outputs (up to ∼600 mW) at the injected frequency have been obtained in a singlemode fiber with tuning over a wide wavelength range (∼15 nm). The scheme is simpler and more cost-effective than the traditional scheme of free-space injectionlocking.
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Tunable single frequency external cavity diode lasers (ECDLs) are widely used in atomic physics experiments.
1 Typically, 100 mW of output power can be obtained from an ECDL. When higher powers are required, master-slave setups based on injection-locking are frequently used to reach higher power output while maintaining the tuning and linewidth characteristics of the ECDL. In these systems, typically seed light from a master laser is coupled via free space into a slave laser, with the combination of a Faraday rotator and a polarizing beamsplitter acting to separate the amplified beam from the injected beam.
2
Such free-space injection-locking, however, is often susceptible to unlocking of the slave laser from the injected frequency. The success of the injection locking depends on the mode matching between the seed beam and the slave diode, on the in-coupled seed power, and on the matching between the seed frequency and the internal cavity resonance of the seed laser. Changes in the operating conditions over time can result in unreliable locking of the slave diode. An interesting and practical approach to circumvent such unlocking has been reported recently.
3 Alternatively, tapered amplifiers (TAs) can also be used to boost the available power. The power available from a TA depends on the wavelength, and is quite high at a few commonly-used wavelengths such as 850 nm. However, the range of wavelengths accessible with TAs is limited, their cost is substantial, and they often require free-space coupling as well. In addition, the beam quality obtained from a TA is often poor, leading to a low coupling efficiency of the TA output beam to a single-mode optical fiber.
In this paper, we demonstrate a simple scheme to obtain moderate powers, up to 600 mW at 980 nm, of tunable single-frequency laser light directly in an optical fiber. Our scheme uses a fiber-pigtailed laser diode as a slave laser, injection-locked by a seed from an ECDL via a fiber optic circulator. Injection-locking via a fiber optic circulator has been demonstrated at 1550 nm previously. 4 However, this approach has not, to our knowledge, been used before in visible or near infrared wavelengths. Recently, it has become possible to obtain fiber optic circulators for shorter wavelengths, with specifications comparable to those for free-space isolators. By using a fiber optic circulator, we eliminate most of the free-space components involved in a typical injection locking setup, and hence reduce the alignment sensitivity. The only free-space components are those used to frequency-stabilize an ECDL and to couple the output of the ECDL to an optical fiber. This greatly increases the reliability of the system. The simplicity of the setup also lowers the cost and required space for the setup. A schematic of our setup is shown in Fig. 1 .
Injection seed light from an ECDL is coupled to a polarization-maintaining (PM) fiber and delivered to Port 1 of a fiber optic circulator (Opneti, HPMCIR-980-F-900-0.8-FA-1W) through a fiber-to-fiber sleeve (Thorlabs, ADAFCPM2). (We use fiber-to-fiber sleeves for the sake of easy troubleshooting. The loss at the connector is typically 0.5 dB and could be reduced further with index matching gel.) The ECDL has to be coupled to the operation axis (slow axis in our case) of the circulator. The insertion loss of the circulator for the laser output is specified to be 2.6 dB. The seed beam is taken out from Port 2 of the circulator and injected into a fiber-pigtailed high power laser diode specified to operate at 976 nm (Gooch & Housego, AC1401-0600-0976-00) that is used as the slave laser. This laser can be purchased with an optional fiber Bragg grating (FBG). However, because the frequencydependent transmission of the FBG can possibly interfere with injection locking, we use a version of the laser without a FBG as our slave laser. In the free-running condition, this laser can deliver up to 800 mW. The output of the slave laser exits from Port 3 of the circulator, where up to 600 mW is available as a single-frequency, tunable output from the single-mode PM fiber. Fig. 2 shows the output spectrum of the slave with and without injection. The spectrum for operation without injection shows multiple peaks due to the multi-longitudinal mode output of the slave. In contrast, the spectrum with injection shows a single peak corresponding to single-mode operation at the injected frequency. If the injected power is not sufficient, obtaining such a single-mode output while tuning the frequency of the seed laser requires occasional minor re-tuning of the slave current to achieve matching of the slave cavity frequency to the injected frequency; this behavior is common in any injection locking system.
3 By operating with fairly high injection power, up to ∼50 mW, we were able to operate the slave laser in the locked condition over the entire range 970 nm -985 nm. We believe that this is a result of good mode-matching between the seed beam and the slave diode and low reflectivity of the laser diode at the chip facet. Similar behavior has been reported in a free-space injection-locking of an anti-reflection coated diode, where an injection power up to 20% of the slave laser power was used.
5 However, AR-coated diodes typically deliver lower output power than the same diode without AR coating.
To systematically investigate the locking stability, we examined the injection-locking bandwidth as a function of the slave output power and the injection power. Theoretically, the relation between the locking bandwidth ∆f (i.e., the range over which the seed laser can be tuned while maintaining the injection lock) and the ratio of the slave output power to the injected power is given by 6, 7 ∆f = 1 2π η c 2nL
where η is the injection coupling efficiency (0 ≤ η ≤ 1), c is the speed of light, n is the refractive index inside the diode cavity, L is the effective cavity length, and P i and P o are the injected seed power and the slave output power measured outside the laser diode, and α is a property of the semiconductor gain medium known as the linewidth enhancement factor.
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Here, η includes factors such as imperfect coupling of the injected light to the slave and the transmission at the facet of the diode chip; for our system, we estimate η ≈ 1. We do not know the value of α for our system. However, large values (in the range 3-10 or even up to ∼50) have been reported in other semiconductor laser systems 9, 10 . Hence, it is plausible that, in our system, the locking bandwidth ∆f given by Eq. 1 could be comparable to or larger than the laser free spectral range (FSR), δf L = c/2nL. In such situations, multiple longitudinal modes become relevant when the injection frequency is scanned over the range of the locking width and the the model used to derive Eq. 1 is no longer complete. That is, the slave lasing mode transitions from one longitudinal cavity mode to the next when the injection frequency is swept over more then the FSR of the slave diode; the slave lases in the longitudinal mode that is closest to the injection frequency and this mode is injectionlocked. This should make the effective locking width many times larger than that given in Eq. 1, only limited by other parameters such as the gain profile of the slave laser. Fig. 3 shows the measured locking bandwidth as a function of the injection power, for three operating powers of the slave laser. For each slave current and injected optical power, we measured the locking bandwidth by sweeping the master laser frequency. At higher injection powers, the locking bandwidth exceeds the FSR of the slave diode (determined in auxiliary measurements to be δf L ∼10 GHz), and we confirm that the master laser can be tuned over a wide frequency range ( 10 GHz) without the slave laser coming unlocked, as expected from the argument above. From a practical point of view, this broad range of unlock-free operation is very useful.
We also measured the beat spectrum between the master laser and the slave laser (after offsetting the slave with an acousto-optic modulator), in order to check if there is any linewidth broadening due to the amplification in the slave laser. The linewidth of the master-slave beat spectrum was less than 100 kHz, which is roughly the free-running shorttime linewidth of the master laser. This indicates that our injection-locking scheme does not significantly broaden the laser linewidth. We were able to use this injection-locked laser to perform spectroscopy on molecular transitions in RbCs, 11 with typical linewidths of ∼10 MHz.
Currently, similar high-power fiber-pigtailed diodes at many wavelengths, including 808 nm and 1064 nm, can be obtained commercially. We hope that similar devices will be available for a growing number of wavelengths in the future. It is also possible to obtain equivalent fiber optic circulators for other wavelengths. Combining this injection-lock scheme with a fiber-pigtailed DFB laser diode as the seed laser can eliminate any free-space component in the system. Such all-fiber systems would be very useful for space applications.
In summary, we have demonstrated a simple, cost-effective scheme for injection-locking of For each operating current of the slave laser, when the injection power is above a certain threshold, the locking bandwidth exceeds the FSR of the slave diode (∼10 GHz, indicated by a dashed dotted line) and the slave laser follows the master laser seamlessly. In this regime of operation, the slave laser stayed locked to the seed over the entire ∼20 GHz continuous scan range available with the piezo drive of our ECDL, and even when the master laser frequency was shifted by a significant amount (∼300 GHz or more) by manually changing the grating angle of the ECDL. The locking bandwidth in this continuous locking regime is denoted by the shaded area to indicate a locking bandwidth of 10 GHz. Data points in this region are shown with filled markers. a high-power fiber-pigtailed laser diode to a tunable seed laser, via a fiber optic circulator. With about 10 mW of seed laser power from an ECDL, single-frequency, tunable output power of up to 600 mW has been obtained out of a single-mode fiber, with an operating wavelength range of more than 15 nm and very robust frequency-locking characteristics.
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